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The purpose of this study was to determine whether cone redepolarization accounts for the amplitude increase of the b-wave of the
human electroretinogram (ERG) during light adaptation. The time course of the b-wave amplitude increase was compared to the time
course of the change in the activation phase of cone phototransduction, as derived from a delayed Gaussian model applied to the leading
edge of the ERG a-wave. ERG recordings were obtained from ﬁve visually normal subjects, alternately in the presence of the adapting
ﬁeld (adapt-on condition) and 300 ms after its temporary extinction (adapt-oﬀ condition). The proportional increase in amplitude was less
for Rmp3 (maximum amplitude of P3, the massed cone photoreceptor response) than for the b-wave for both adaptation conditions, and
the time course of the amplitude increase for Rmp3 was faster than that for the b-wave in the adapt-oﬀ condition. The results demonstrate
that time-dependent changes in the activation phase of cone phototransduction have only a minimal role in governing the increase in the
amplitude of the human cone-derived ERG b-wave during light adaptation. In addition, the systematic increase in b-wave amplitude and
the decrease in b-wave implicit time in the adapt-oﬀ condition indicates that the ERG response measured shortly after adapting ﬁeld oﬀset
does not necessarily represent the waveform of the dark-adapted cone ERG.
 2006 Elsevier Ltd. All rights reserved.
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The amplitude of the full-ﬁeld, light-adapted ERG
response to a brief ﬂash is a common clinical index of the
functional integrity of the cone system. However, the
amplitude of the ERG response is known to depend on
the duration of light adaptation. If the eye is continually
exposed to an adapting ﬁeld following a period of dark
adaptation, the ERG b-wave shows a systematic increase
in amplitude with a time course of several minutes (e.g.,
Armington & Biersdorf, 1958; Burian, 1954; Gouras &
MacKay, 1989; Peachey, Alexander, Fishman, & Derlacki,
1989). There can also be a systematic decrease in the
implicit time or time-to-peak of the b-wave during light0042-6989/$ - see front matter  2006 Elsevier Ltd. All rights reserved.
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E-mail address: kennalex@uic.edu (K.R. Alexander).adaptation (Peachey et al., 1989), although this is not a uni-
versal ﬁnding (Gouras & MacKay, 1989). Other compo-
nents of the brief-ﬂash ERG response also increase in
amplitude during light adaptation, including the a-wave
(Gouras & MacKay, 1989), the i-wave (Peachey et al.,
1989), and the oscillatory potentials (OPs; Benoit &
Lachapelle, 1995). An amplitude increase occurs in
response to a long-duration stimulus, aﬀecting the d-wave
as well as the b-wave, although the time course of the
amplitude increase is not equivalent for these two ERG
components in either human or monkey (Murayama &
Sieving, 1992). There is an increase in ERG amplitude in
response to full-ﬁeld ﬂicker (Peachey, Alexander, Derlacki,
& Fishman, 1992a; Peachey, Arakawa, Alexander, & Mar-
chese, 1992b) and in the focal ERG (Weiner & Sandberg,
1991). The relative amplitude increase is smaller in the
fovea than in the retinal periphery, as determined from
the multifocal ERG (mfERG; Kondo et al., 1999).
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b-wave during the course of light adaptation is presently
uncertain. Based on the observation that the ERG a-wave
increased in amplitude during light adaptation with a time
course and magnitude similar to that of the b-wave, it was
proposed that cone redepolarization is the primary under-
lying mechanism (Gouras & MacKay, 1989). In support of
this hypothesis, it was reported recently that changes in the
cone photoresponse during light adaptation are suﬃcient
to account for the increase in b-wave amplitude in the rat
retina (Bui & Fortune, 2005). However, the increase in
the amplitude of the isolated P3 of the carp retina during
light adaptation is less than for the b-wave (Horiguchi,
Takabayashi, & Miyake, 1986). Furthermore, in primate
retina, the amplitude increase of the a-wave may not have
the same time course as that of the b-wave (Murayama &
Sieving, 1992), which has led to the proposal that two dif-
ferent sites of adaptation, one photoreceptoral and one
postreceptoral, are involved. A further consideration is
that the amplitude of the a-wave is typically measured from
the prestimulus baseline to the a-wave trough, and this
measure may include a contribution from postreceptoral
neurons (Bush & Sieving, 1994; Friedburg, Allen, Mason,
& Lamb, 2004; Ueno, Kondo, Niwa, Terasaki, & Miyake,
2004). Therefore, the exact relationship between changes in
the cone photoreceptor response and the amplitude
increase of the b-wave of the human ERG during light
adaptation remains to be clariﬁed.
To address this issue, the present study investigated the
extent to which changes in the activation phase of cone
phototransduction contribute to the growth of b-wave
amplitude during light adaptation in human subjects. The
activation phase of the massed photoreceptor response
(P3) of the cone system was derived by ﬁtting a delayed
Gaussian model (Hood & Birch, 1995) to the leading edge
of the a-wave obtained at successive time points during
light adaptation. There are two parameters in this model:
Rmp3, which refers to the maximum amplitude of the P3
response, and S, which represents the sensitivity of the acti-
vation phase of phototransduction. Either or both of these
parameters could change during light adaptation. There-
fore, the time course of the change in these parameters of
cone phototransduction was compared to the growth of
the ERG a- and b-waves during light adaptation in visually
normal human subjects.
In addition to deﬁning the adaptational properties of the
light-adapted cone ERG, it is of interest to derive the
waveform of the brief-ﬂash ERG of the cone system under
dark-adapted conditions (Verdon, Schneck, & Haeger-
strom-Portnoy, 2003). For example, if the dark-adapted
cone response can be removed from the mixed rod and
cone ERG response recorded to a brief ﬂash under
dark-adapted conditions, the isolated rod response can
be obtained. As summarized by Verdon et al. (2003), previ-
ous approaches to estimating the dark-adapted cone
ERG waveform have included: (1) a double subtraction
method involving the ERG responses to short- andlong-wavelength test stimuli obtained under dark-adapted
conditions, (2) the measurement of the light-adapted ERG,
and (3) a ‘‘paired-ﬂash’’ technique in which a ﬁrst ﬂash
desensitizes the rod system and then the response to a second
ﬂash is recorded in the absence of an adapting ﬁeld. Howev-
er, each of these techniques has potential drawbacks (Verdon
et al., 2003). An alternative method described recently is to
record the brief-ﬂash ERG shortly after the termination of
a rod-desensitizing adapting ﬁeld (Robson, Saszik, Ahmed,
& Frishman, 2003). This procedure was used in that study
to derive the properties of the dark-adapted cone photore-
ceptor response, under the assumption that the cone system
recovers from the eﬀects of light adaptationwhile the rod sys-
tem remains desensitized.
However, it is possible that this latter procedure does
not capture the entire fully dark-adapted cone ERG
response. For example, it has been reported that two
diﬀerent adaptational processes inﬂuence the amplitude
of the cone ERG following a sudden change in adapting
ﬁeld luminance (Peachey et al., 1992b). One process,
which has a rapid time course, serves to reposition the
luminance-response function along the luminance axis fol-
lowing the adapting ﬁeld change. The other process, which
is relatively slow, reduces response amplitude by the same
proportion at all stimulus luminances following the adapt-
ing ﬁeld change. It is possible that the cone ERG measured
shortly after the oﬀset of an adapting ﬁeld may not repre-
sent the actual dark-adapted cone ERG response because
there may be insuﬃcient time for the slower-acting adapta-
tional process to be completed. To investigate this possibil-
ity, we compared the time course of changes in the
parameters of cone phototransduction with the growth of
the a- and b-waves when brief-ﬂash ERG responses were
obtained following a temporary cessation of an otherwise
continuously presented adapting ﬁeld.2. Method
2.1. Subjects
Five visually normal female subjects, ages 25 (S1), 28 (S2), 36 (S3), 53
(S4), and 60 (S5) years, participated in the study. The subjects had best-
corrected visual acuities of 20/20 or better in the tested eye, refractive
errors no greater than 5 D of myopia, clear ocular media, and normal-
appearing fundi on ophthalmologic examination. Appropriate institution-
al review board approval was obtained, and the experiments were
undertaken with the understanding and written consent of each subject.
2.2. Stimuli and recording system
The full-ﬁeld test stimuli were presented in an Espion ColorDome
desktop Ganzfeld controlled by an Espion electrophysiology console
(Diagnosys LLC, Littleton, MA). ERGs were recorded with a Burian-Al-
len bipolar contact lens electrode, grounded with an earclip electrode.
Responses were acquired with the Espion console. Ampliﬁer bandpass set-
tings were 0.15–500 Hz and the sampling frequency was 2 kHz.
Full-ﬁeld ERGs were recorded in response to achromatic ﬂashes of 2.8
and 4.0 log td-s (assuming a dilated pupil diameter of 8 mm) that were
generated by a xenon strobe in combination with a UV-absorbing ﬁlter.
Stimulus ﬂashes were presented against an achromatic, rod-desensitizing
Fig. 1. Schematic illustration of the stimulus sequence during the ﬁrst
minute following adapting ﬁeld onset (not to scale). The test ﬂash was
presented at 15 s intervals following the onset of the adapting ﬁeld. Every
30 s, the adapting ﬁeld was extinguished for 400 ms, and the test ﬂash was
presented 300 ms after the temporary adapting ﬁeld oﬀset. This sequence
was repeated for 16.5 min.
Fig. 2. Illustration of the delayed Gaussian model of Hood and Birch
(1995) applied to representative ERG responses of S4, obtained near the
end of light adaptation in the adapt-on condition. Solid traces indicate the
ERG responses to the ﬂash intensities indicated; dashed lines represent
the best-ﬁt of the delayed Gaussian model of Hood and Birch (1995).
Fig. 3. Comparison of the ERG responses of S4, replotted from Fig. 2
(solid traces), with the same responses after low-pass ﬁltering to remove
the OPs (dashed traces). See text for ﬁltering details.
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arrays of short-, middle-, and long-wavelength light-emitting diodes
(LEDs) with peak wavelengths of 468, 512, and 632 nm. The adapting ﬁeld
had chromaticity coordinates of x = 0.304 and y = 0.329, and a correlated
color temperature of 6965 degK. Stimulus spectral characteristics were
calibrated with a PR-650 SpectraScan colorimeter (Photo Research,
Chatsworth, CA).
2.3. Procedure
Prior to the ERG recordings, the pupil of the tested eye was dilated
with 2.5% phenylephrine hydrochloride and 1% tropicamide drops. The
subject was then dark-adapted for 40 min. The cornea was anesthetized
with proparacaine drops, and the contact lens electrode was inserted in
the dark under dim long-wavelength illumination.
The stimulus sequence is depicted schematically in Fig. 1, which illus-
trates the stimulus presentation during the ﬁrst minute following the initial
adapting ﬁeld onset. During a session, the test ﬂash was presented every
15 s for 16.5 min. The ERG response was measured alternately to a ﬂash
presented against the adapting ﬁeld (adapt-on condition) and then to a
ﬂash presented 300 ms following a brief extinction of the adapting ﬁeld
(adapt-oﬀ condition). The adapting ﬁeld remained oﬀ for 400 ms and then
returned to its previous value. The ﬂash luminance was held constant
throughout a session, and the diﬀerent ﬂash luminances were presented
in separate sessions.
2.4. Analyses
The leading edges of the a-waves obtained with the two ﬂash intensities
were ensemble-ﬁt with the quantitative model of Hood and Birch (1995).
The delayed Gaussian model of Hood and Birch (1995) describes the
amplitude of the massed P3 response of the cone system to a ﬂash of ret-
inal illuminance I as a function of time t as:
P3ðI; tÞ ¼ Rmp3f1 exp½ISðt  tdÞ2g  exp½ðt=sÞ; ð1Þ
where Rmp3 is the maximum amplitude of P3, S is a parameter represent-
ing phototransduction sensitivity, td is a brief delay before the response
onset, the operator  represents convolution, and s is the time constant
of a low-pass exponential ﬁlter that is meant to reﬂect the capacitance
of the cone outer segment. The value of td was ﬁxed at 2 ms for all sub-
jects, s was 1.8 ms, and the truncation time for the ensemble ﬁts was
10 ms for all responses. Other truncation times were also examined. These
changed the derived parameters slightly, but did not alter the overall
pattern of results. In addition, ERG responses were also obtained at ﬂashintensities of 3.2 and 3.6 log td-s for three subjects (S2, S3, and S4) in order
to determine whether similar parameter estimates would be obtained if the
model were ﬁt to four ﬂash intensities rather than two. Equivalent results
were obtained for the two-ﬂash and four-ﬂash data sets.
Fig. 2 illustrates the ﬁt of the Hood and Birch (1995) model to represen-
tative ERG responses to the two ﬂash intensities from subject S4, obtained
near the end of light adaptation in the adapt-on condition. It is apparent
from Fig. 2 that the a-wave amplitude was larger than the derived P3 for
the higher ﬂash intensity. This ismost likely due to a contribution frompost-
receptoral neurons to the trough of the a-wave (Bush&Sieving, 1994; Fried-
burg et al., 2004; Robson et al., 2003; Ueno et al., 2004).
Prior to deriving the a- and b-wave amplitudes and the b-wave implicit
times, the ERG waveforms were low-pass ﬁltered with a zero-phase digital
ﬁlter that had a nominal cut-oﬀ frequency of 100 Hz, using the Matlab Sig-
nal Processing Toolbox (TheMathWorks, Natick, MA). Low-pass ﬁltering
was used in order to minimize the contribution from the OPs, which may
have a diﬀerent time course of adaptation than the b-wave, as discussed by
Murayama and Sieving (1992), who also used this approach. Fig. 3 presents
a comparisonof theERGwaveforms replotted fromFig. 2 (Fig. 3, solid trac-
es)with their low-pass ﬁltered versions (Fig. 3, dashed traces).Removing the
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timing properties of the ERG responses.We note that the delayedGaussian
model ofHood andBirch (1995)was applied to theERGwaveforms prior to
the low-pass ﬁltering, as illustrated in Fig. 2.
The amplitude of the a-wave was measured from the pre-stimulus base-
line to the a-wave trough of the low-pass ﬁltered waveform, and b-wave
amplitude was measured from the a-wave trough to the b-wave peak of
the low-pass ﬁltered waveform. In the following analyses of a- and b-wave
amplitudes, emphasis is placed on the ERG responses to the ﬂash intensity
of 2.8 log td-s. This intensity is near the peak of the ‘‘photopic hill,’’ cor-
responding to maximum b-wave amplitude (Ueno et al., 2004), and is clos-
er to the ﬂash intensities typically used clinically. Moreover, even after
low-pass ﬁltering, the b-wave responses to the ﬂash intensity of 4.0 log
td-s were diﬃcult to quantify because they frequently showed no clear
response peak and had local irregularities in waveform shape in the region
of the b-wave.
Adaptation-dependent changes in the amplitudes of the various ERG
components were ﬁt with exponential functions of the form:
y ¼ y0 þ að1 eðt=sÞÞ ð2Þ
and changes in b-wave implicit time were ﬁt with:
y ¼ y0 þ aeðt=sÞ; ð3Þ
where t is time following adapting ﬁeld onset, y is log amplitude, and y0, a,
and s are free parameters. Data were ﬁt using a least-squares criterion and
the Marquardt–Levenberg algorithm of the nonlinear curve-ﬁtting routine
provided by SigmaPlot (Systat Software, Point Richmond, CA). The ﬁrst
ERG response following adapting ﬁeld onset was excluded from all anal-
yses due to a high level of variability within and among the subjects. In
addition, on occasional trials, eye movement artifacts distorted the wave-
form shape, and such recordings were discarded. However, in all of the
data analyses, the plotted points represent the means of at least four
subjects.3. Results
Fig. 4 illustrates the ERG waveforms of S4 (prior to
low-pass ﬁltering) obtained near the beginning of lightFig. 4. ERG responses (without low-pass ﬁltering) obtained near the beginn
adaptation for S4, obtained in the adapt-on (left) and adapt-oﬀ (right) conditioadaptation (Fig. 4, dashed traces) and after approximately
16 min of exposure to the adapting ﬁeld (Fig. 4, solid
traces) for the adapt-on (Fig. 4, left) and adapt-oﬀ
(Fig. 4, right) conditions. The amplitude of the a-wave
was larger at the higher ﬂash intensity, as expected, and
was also larger in the adapt-oﬀ than in the adapt-on con-
dition. Under both adaptation conditions, the amplitude
of the b-wave was smaller at the higher ﬂash intensity,
and the ERG response was dominated by OPs, as
observed previously (e.g., Friedburg et al., 2004; Ueno
et al., 2004). For the lower ﬂash intensity, there was a
substantial increase in b-wave amplitude over time under
both adaptation conditions, and the ERG waveform
changed shape considerably, including a decrease in the
b-wave implicit time that was greater for the adapt-oﬀ
than for the adapt-on condition. There was very little
change in b-wave amplitude over time for the higher ﬂash
intensity for either adaptation condition.
Fig. 5 illustrates the mean time-dependent change in log
b-wave amplitude for the ﬂash intensity of 2.8 log td-s
(Fig. 5, triangles) compared to the mean change in log
amplitude of Rmp3 (Fig. 5, circles) for the adapt-on
(Fig. 5, left) and adapt-oﬀ (Fig. 5, right) conditions. The
curves in Fig. 5 represent least-squares best ﬁts of
Eq. (2), with the time constants indicated. The standard
errors of the estimates for s were 0.33 and 0.20 for b-wave
amplitude for the adapt-on and adapt-oﬀ conditions,
respectively; and 1.48 and 0.57 for Rmp3 for the adapt-on
and adapt-oﬀ conditions, respectively. Mean b-wave ampli-
tudes were only slightly higher in the adapt-oﬀ than in the
adapt-on condition, whereas the mean values for Rmp3 were
substantially higher for the adapt-oﬀ than for the adapt-on
condition. The amplitude of the b-wave increased nearlying (dashed traces) and after approximately 16 min (solid traces) of light
ns, for the two ﬂash intensities indicated.
Fig. 5. Mean log b-wave amplitude in response to a ﬂash of 2.8 log td-s (triangles) and mean log Rmp3 (circles) vs. time following adapting ﬁeld onset for
the adapt-on (left) and adapt-oﬀ (right) conditions. Error bars represent ±1 standard error of the mean (SEM). Solid curves represent the least-squares
best-ﬁts of Eq. (2), with the time constants indicated.
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adaptation conditions (log amplitude increases of 0.27
and 0.25 log units, corresponding to factors of 1.9 and
1.8, for the adapt-on and adapt-oﬀ conditions, respectively,
based on the best-ﬁt exponentials). The magnitude of the b-
wave amplitude increase for the adapt-on condition is sim-
ilar to that of previous studies (e.g., Gouras & MacKay,
1989; Murayama & Sieving, 1992; Peachey et al., 1989).
Log Rmp3 also increased systematically during light
adaptation, but the increase was substantially less than
for log b-wave amplitude (0.14 and 0.07 log units, corre-
sponding to factors of 1.4 and 1.2 for the adapt-on and
adapt-oﬀ conditions, respectively, based on the best-ﬁt
exponentials). The time course of the increase in log Rmp3
was similar to that of the b-wave for the adapt-on condi-
tion, as indicated by the similar time constants (Fig. 5, left),
but was considerably faster than that of the b-wave for the
adapt-oﬀ condition, as indicated by the smaller time
constant for Rmp3 (Fig. 5, right).
There was no systematic change in log S during the
course of light adaptation for either the adapt-on or the
adapt-oﬀ condition (data not shown). However, the overall
mean value of log S was signiﬁcantly higher for the adapt-
oﬀ than for the adapt-on condition (1.50 vs. 1.35 log units,
respectively; t = 7.18, P < 0.01). The increase in log S
between the adapt-oﬀ and adapt-on conditions is consistent
with the eﬀects of adaptation state on log S reported by
Hood and Birch (1995).
Fig. 6 presents the relationship between the time-depen-
dent change in mean log Rmp3 (replotted from Fig. 5) and
the change in mean log a-wave amplitude during light
adaptation for a ﬂash intensity of 2.8 log td-s. To facilitate
a comparison of the time courses of these two measures,
the data points for log a-wave amplitude were shifted ver-
tically by 0.2 log units for the adapt-on condition (Fig. 6,left). The value of this vertical shift represents the diﬀerence
between the overall mean values of log Rmp3 and log a-
wave amplitude. The values for mean log a-wave amplitude
were unshifted for the adapt-oﬀ condition (Fig. 6, right),
given that the overall means were equivalent for both mea-
sures. The curves in Fig. 6 represent least-squares best ﬁts
of Eq. (2), with the time constants indicated. Standard
errors of the estimates of the values of s for a-wave
amplitude were 0.87 and 1.89 for the adapt-on and adapt-
oﬀ conditions, respectively. It is apparent that, for both
adaptation conditions, the increase in the amplitude of
the a-wave during light adaptation was similar to that of
Rmp3 in terms of both the proportional increase and the
time constant of the amplitude growth.
Although the emphasis of the present studywas on chang-
es in the amplitude of the ERG during light adaptation, we
also examined the time course of changes in the implicit time
of the b-wave. The mean b-wave implicit times for a ﬂash
intensity of 2.8 log td-s are presented in Fig. 7 for the
adapt-on and adapt-oﬀ conditions. The curves in Fig. 7 repre-
sent the least-squares best ﬁts of Eq. (3), with the time con-
stants indicated. Standard errors of the estimates for s
were 0.13 and 0.21 for the adapt-on and adapt-oﬀ conditions,
respectively. For both adaptation conditions, the mean b-
wave implicit time decreased systematically during light
adaptation. The implicit time change for the adapt-on condi-
tion is similar to that observed previously (Peachey et al.,
1989). The b-wave implicit time was longer overall for the
adapt-oﬀ condition, and the magnitude of the change in
implicit time was slightly greater for the adapt-oﬀ than for
the adapt-on condition (4.77 min vs. 3.75 min, respectively,
based on the best-ﬁt exponentials). For the adapt-on condi-
tion, the time constant of the change in implicit time was
shorter than for either b-wave amplitude or Rmp3. For the
adapt-oﬀ condition, the time constant for b-wave implicit
Fig. 6. Mean log a-wave amplitude for a ﬂash of 2.8 log td-s (stars) and mean log Rmp3 (circles) vs. time following adapting ﬁeld onset for the adapt-on
(left) and adapt-oﬀ (right) conditions. Data points for mean log a-wave amplitude were shifted upward as a group by 0.2 log units for the adapt-on
condition but were unshifted for the adapt-oﬀ condition (see text for details). Error bars represent ±1 SEM. Solid curves represent the least-squares best-
ﬁts of Eq. (2), with the time constants indicated.
Fig. 7. Mean b-wave implicit time in response to a ﬂash of 2.8 log td-s vs.
time following adapting ﬁeld onset for the adapt-on (open squares) and
adapt-oﬀ (ﬁlled squares) conditions. Error bars represent ±1 SEM. Solid
curves represent the least-squares best-ﬁts of Eq. (3), with the time
constants indicated.
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than for Rmp3.
4. Discussion
This study examined the extent to which changes in the
activation phase of cone phototransduction account for the
amplitude growth of the human ERG b-wave during pro-
longed light adaptation. If adaptation-induced changes in
the cone photoreceptors were the primary mechanism forthe b-wave amplitude increase, it would be expected that
the proportional change in amplitude would be equivalent
for the two measures. However, we observed a dissociation
between the time-dependent changes in Rmp3 and b-wave
amplitude that was most apparent when ERG measure-
ments were made in the adapt-oﬀ condition (Fig. 5, right).
When brief-ﬂash ERG responses were obtained shortly
after the temporary extinction of the adapting ﬁeld, there
was little change in the amplitude of Rmp3, but there was
a substantial increase in the amplitude of the b-wave. In
fact, the magnitude of the increase in b-wave amplitude
in the adapt-oﬀ condition was nearly the same as in the
adapt-on condition (factors of 1.8 and 1.9, respectively).
Moreover, there was no systematic change in the value of
log S during the time that the amplitude increase of the
b-wave was occurring. These results indicate that changes
in the activation phase of cone phototransduction play at
most a minor role in the amplitude increase of the b-wave
during light adaptation.
Given that there was little change over time for either
a-wave amplitude or Rmp3 in the adapt-oﬀ condition
(Fig. 6), it is apparent that the cone photoreceptor proper-
ties measured shortly after the oﬀset of an adapting ﬁeld
approach those of the dark-adapted cone ERG, in agree-
ment with Robson et al. (2003). However, the b-wave
amplitude increased substantially over time (Fig. 5, right)
and the b-wave implicit time decreased systematically
(Fig. 7) in the adapt-oﬀ condition, which indicates that
the ERG obtained shortly after adapting ﬁeld oﬀset does
not represent the fully dark-adapted cone ERG waveform,
at least under these adaptation conditions. That is, the
slower adaptational process that produces the increase in
b-wave amplitude (Peachey et al., 1992b) continues to
operate even if the adapting ﬁeld is momentarily extin-
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measured shortly after the oﬀset of a dim, short-wave-
length, rod-desensitizing adapting ﬁeld may be closer to
the dark-adapted cone b-wave than the ERG responses
observed in the present study, which were obtained with
an achromatic adapting ﬁeld of higher photopic luminance
than used by Robson et al. (2003). That is, the proportional
increase in b-wave amplitude during light adaptation is less
for adapting ﬁelds of low luminance (Peachey et al., 1992a).
The log amplitude of Rmp3 was larger overall for the
adapt-oﬀ than for the adapt-on condition at all measure-
ment times (Fig. 5). It is likely that this is due to the
rapid-acting adaptational process that shifts the lumi-
nance-response function leftward following the oﬀset of
the adapting ﬁeld (Peachey et al., 1992b). A leftward shift
along a luminance axis means that the response amplitude
at a given ﬂash intensity (below saturation) would be
increased. In comparison, the log amplitude of the b-wave
was nearly equivalent for the two adaptation conditions at
all measurement times (Fig. 5). The lack of a diﬀerence in
b-wave amplitude for the two adapting conditions is likely
related to the fact that a ﬂash of 2.8 log td-s yields a b-wave
amplitude that is just beyond the peak of the photopic hill
of the b-wave luminance-response function (Ueno et al.,
2004). A rapid adaptational process that shifts the b-wave
luminance response function leftward along a luminance
axis would have little eﬀect for ﬂash intensities that gener-
ate response amplitudes near the peak of the photopic hill,
where b-wave amplitude has reached a relative plateau.
The mechanism underlying the amplitude increase of the
cone ERG has not been identiﬁed satisfactorily. Armington
and Biersdorf (1958) proposed that a change in the stand-
ing potential of the eye may be involved, but, as noted by
Kondo et al. (1999), the phenomenon can be observed in a
retina isolated from the retinal pigment epithelium, which
argues against this explanation. The present results indicate
that cone redepolarization, proposed by Gouras and
MacKay (1989), is also not a likely explanation.
It has been suggested that the rod system is involved in
the growth of cone ERG amplitude during light adapta-
tion. For example, Hood (1972b) reported that the cone
system of the frog retina is suppressed in the dark by a
short-wavelength mechanism with a spectral peak at
502 nm, presumed to be the frog red rods. Recently, it
was reported that mouse mutants lacking functional rods
show only a small growth in cone ERG amplitude during
light adaptation (Tanikawa et al., 2004), which suggests
that rods contribute to the ERG amplitude increase nor-
mally observed in wild-type mice. Furthermore, the
increase in the amplitude of the human cone mfERG dur-
ing light adaptation is smaller in the rod-free foveal region
than in the extrafoveal retina, with its high population den-
sity of rods (Kondo et al., 1999). It has also been proposed
that the adaptation state of the rod system can aﬀect the
implicit time of the cone ERG, for both ﬂashes and ﬂicker
(Sandberg, Berson, & Eﬀron, 1981; Birch & Sandberg,
1987).However, other evidence indicates that the rod system
has little inﬂuence on the amplitude increase of the cone
ERG during light adaptation. For example, the ERG of
the isolated frog retina increases in amplitude during con-
tinued light exposure after the rod system has been inacti-
vated by a bleaching light (Hood, 1972a), indicating that
rods are not necessary for the eﬀect to occur. An individual
with no discernible rod function showed a normal increase
in the amplitude of the cone ERG during light adaptation
(Peachey et al., 1990). Furthermore, individuals with the
incomplete form of congenital stationary night blindness,
who have reduced rod function, have an exaggerated
amplitude increase in the ﬂicker ERG during light adapta-
tion (Miyake, Horiguchi, Ota, & Shiroyama, 1987). The
amplitude growth of the cone ERG does not have the
action spectrum of the rod system (Gouras & MacKay,
1989; Peachey et al., 1992a), and full rod dark adaptation
prior to light adaptation is not required to elicit the eﬀect
(Benoit & Lachapelle, 1995). Therefore, it appears that
the rod system plays at most a minimal role in governing
the amplitude changes in the human cone ERG during
light adaptation.
Murayama and Sieving (1992) suggested that a change
in the balance of the responses of hyperpolarizing and
depolarizing bipolar cells (HBCs and DBCs, respectively)
during light adaptation might contribute to the observed
changes in the amplitude of the cone ERG b-wave. In this
regard, it is of interest that there was a substantial increase
in b-wave amplitude for a ﬂash of 2.8 log td-s (Fig. 4), an
intensity at which b-wave amplitude appears to be the
result of the combination of responses from the HBCs
and DBCs (Ueno et al., 2004). In comparison, there was lit-
tle change in b-wave amplitude during light adaptation for
a ﬂash of 4.0 log td-s (Fig. 4), an intensity at which the
responses of the HBCs and DBCs are more separated in
time (Ueno et al., 2004).
The relatively slow changes in b-wave amplitude and
implicit time may be due to a neuromodulatory inﬂuence
involving dopamine, as suggested by Peachey et al.
(1992b). Recently, it has been shown that the timing prop-
erties of the cone ERG b-wave can be inﬂuenced by a non-
rod, non-cone photopigment that is proposed to exert its
eﬀect through modulation of postreceptoral neurons within
the cone pathway by dopamine and/or melatonin (Hankins
& Lucas, 2002). Of particular interest, these investigators
showed that a relatively brief period of light adaptation
is suﬃcient to initiate an adaptive process that continues
to operate in the dark following adapting ﬁeld oﬀset,
decreasing the implicit time of the b-wave with an exponen-
tial time course of many minutes (Hankins & Lucas, 2002).
Such a mechanism could account for our observation that
the b-wave amplitude increased and the b-wave implicit
time decreased systematically in the adapt-oﬀ condition.
In summary, the increase in the amplitude of the human
cone ERG b-wave during continued light adaptation
appears to have little input from changes in the activation
phase of cone phototransduction, either in terms of
3948 K.R. Alexander et al. / Vision Research 46 (2006) 3941–3948maximum response amplitude (Rmp3) or sensitivity (S).
Furthermore, there are similar changes in b-wave ampli-
tude and implicit time independent of whether the ERG
responses are obtained in the presence of a continuously
presented adapting ﬁeld or shortly after its temporary oﬀ-
set. Therefore, the brief-ﬂash ERG obtained following
adapting ﬁeld oﬀset does not necessarily represent the
waveform of the dark-adapted cone ERG. The explanation
for the amplitude increase of the human cone ERG b-wave
during light adaptation remains to be identiﬁed. However,
the present results indicate that redepolarization of the
cone photoreceptors plays a negligible role.
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